In this paper, a nonlinear frequency-modulated (NLFM) chirp coding was investigated to improve the pulse compression of the second harmonic chirp signal by reducing the range sidelobes level. The problem of spectral overlapping between fundamental and second harmonic component (SHC) was also investigated. Therefore, two methods were proposed, method-I show the scenario of non-overlap condition and method-II with pulse inversion technique was used for overlap harmonic condition. In both methods, the performance of the NLFM chirp was compared with the reference linear frequency- MHz transducer mounted coaxially at a distance of 5 cm with a 1 mm hydrophone in a water tank and the peak negative pressure of 300 kPa was set at the receiver. Both simulations and experimental results show that the peak sidelobe level (PSL) of the compressed SHC of NFLM chirp was improved by at least 13 dB in method-I and 5 dB in method-II when compared with the PSL of LFM chirps. Similarly, the integrated sidelobe level (ISL)
Introduction
by the finite bandwidth of the ultrasound transducer to accommodate both 26 the fundamental and the SHC, and the spectral overlapping between the 27 fundamental and the SHC (Averkiou, 2000).
28
The power spectrum of an unweighted LFM chirp is approximately rect-29 angular in shape and yields a sinc-like function after pulse compression. The 30 compressed chirp signal contains a peak sidelobe level (PSL) at ∼ -13 dB. ( 1) where p (t) and φ (t) are the amplitude and phase modulation functions 80 of the chirp signal, respectively.
81
The spectrum of the chirp signal given in (1) is expressed as,
82
X(ω) = 
In (3), ω and t are two independent variables. Therefore, the particular 87 value of t that can satisfy the condition given in (3) can be found by assum- 
where |X(ω k )| 2 is the power spectrum of the chirp signal, p (t k ) is the 96 amplitude modulation function, and a (t k ) is the chirp-rate function of the 97 signal.
98
In the case of an LFM signal, the term chirp-rate function a (t k ) in (4) 99 is constant and the shape of the power spectrum is controlled by modify- 
111
In a chirp coded excitation system, a matched filter is used on the receiv- 
Also the ACF of the chirp signal is the inverse Fourier transform of the 118 power spectrum and is expressed as
Therefore, the mainlobe width and sidelobe level of the compressed chirp 120 signal will depend on the shape of the power spectrum. Hence choosing a 121 suitable window function as a shape of the power spectrum would yield a 122 low sidelobe level after pulse compression. In this paper, NLFM signals were 123 designed using the hybrid approach and a tapered cosine window (also known 124 as a Tukey window) was selected as a shape of the desired power spectrum 125 and is expressed as (Harris, 1978) ,
where B is the bandwidth of X(ω), and β is the envelope tapering ratio:
128
The tapered cosine window with a tapering ratio of 100% (β = 1) was 
where the parameters α and γ are used to control the nonlinear curve of 135 the instantaneous frequency function. B is the sweeping bandwidth, f c is the 136 centre frequency, and T is the chirp duration.
137
The chirp-rate function, a(t), of the NLFM signal was found by taking 138 the derivative of the instantaneous frequency function, f i (t), in (8).
The amplitude modulation function, p(t), of the NLFM signal was ob-
140
tained by rearranging (4) and substituting the values of power spectrum and 141 chirp-rate function from (7) and (9).
The phase modulation function, φ (t), of the NLFM signal was obtained
143
by taking the integral of the instantaneous frequency function, f i (t), in (8)
144
with respect to time t.
Finally, the NLFM signal was found by substituting the values of the 146 amplitude modulation function p(t), and the phase modulation function φ(t) 147 from (10) and (11) into (1).
148

Linear Frequency Modulated (LFM) Signals
149
The LFM signals were designed using equation (1), where the phase mod-150 ulation function of the LFM signal is expressed as:
where B is the sweeping bandwidth, T is the chirp duration, f c is the 152 centre frequency, and ϕ is the initial phase of the chirp signal and have
153
values of 0 and 0.5 for pulse inversion.
154
In this study, two LFM signals were used as a reference excitation. Each
155
signal had a duration (T ) of 20 µs, and a centre frequency (f c ) of 2.25 MHz.
156
The difference in each LFM signal was the transmitting energy which was set contains Fresnel-ripples in the pass band due to less amplitude tapering (β = 195 0.1) and their -6 dB bandwidth was 40% higher than the NLFM signal.
196
Similarly, the power spectrum of the LFM-W80 signal is smooth and contains
197
no ripples in the pass band. However, their -6 dB bandwidth was 11% higher 198 than the NLFM signal.
199
Proposed Methods
200
In this paper, two methods were proposed to show the scenarios of non- 
223
The summation of the corresponding received echoes will cancel out the fun- The nonlinear propagation of ultrasound waves in an attenuating medium 232 was simulated using the following nonlinear model (Wojcik et al., 1998) .
where u is the particle displacement vector, c is the speed of sound, p 234 is the acoustic pressure, ρ is the material density, and B/A is the nonlinear 235 coefficient.
236
The model was simulated in MATLAB (The MathWorks Inc., Natick, geometry, therefore only plane waves were applied in simulations.
241
The performance of the pulse compression system is also affected by the 242 spectral mismatched of the receiving filter. This is caused by the frequency 243 dependent attenuation of tissue, which also limit its implementation in real 
309
This results in the further reduction of PSL after pulse compression. The ISL of the compressed NLFM signal was improved by 9 dB when com- The SHC of NLFM was 0.6 dB below with the SHC of the LFM-W10 signal. 
388
The envelopes of the compressed second harmonic chirp signals are shown 389 in Fig. 10 . The pulse compression results of the SHC are shown in Table   390 4. The PSL of the compressed second harmonic signal of the NLFM was 391 improved by 13 dB when compared with the PSL of the LFM-W80 signal. 
527
The NLFM chirp and associated harmonic matched filter were also robust 
